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Intracellular pH
NORMAN W. CARTER
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The estimated value of intracellular pH (pHi) of muscle
cells has varied from 6.0 to 7.2, depending on the method of
measurement used. The original estimates of pHi, using the
partition of the physiologic weak acid system, were
approximately 7.0 [1]. Similar results have been obtained
with the method of Waddell and Butler [2] using the weak
acid DM0. Several different studies [4—7] in which pH-
sensitive glass microelectrodes were placed into the cell have
also yielded values of approximately 7.0 for pH1. In our
laboratory, on the other hand, we have used a double-
barreled pH-sensitive glass ultra microelectrode to measure
pH and have obtained values of approximately 6.0, which
are in electrochemical equilibrium with pH of extracellular
fluid [8, 9]. According to our results the pH1 is predictable
from the transmembrane potential (Em) and extracellular
pH (pH0):
RT In 10
Em= —----—(pH0—pH)
It has been pointed out that the partition of weak acids
between intra- and extracellular phases would be dispro-
portionately influenced by any alkaline compartment
within the cell and would yield a value of pH1 higher than
the true integrated mean [3]. This possibility, however, has
to a large extent been ignored until only recently. Adler
explored the possibility of intracellular compartments of
differing pH by comparing the partition of the weak acid,
DM0, with the partition of the weak base, nicotine, in rat
diaphragm in vitro [101. The intracellular partition of nico-
tine would be disproportionately influenced by acid com-
partments, and thus would yield an estimated pH1 lower
than that obtained with DM0. He found that pH1 estimated
with nicotine was 0.48 pH units lower than that estimated
from DM0, suggesting some degree of compartment-
alization of pH1 in skeletal muscle.
The present studies undertaken in large muscle cells of
barnacles were designed to further investigate the possibility
of compartmentalization of pH1 by means of glass pH
electrodes and by the DM0 and nicotine buffer partition
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methods. The results suggest the possibility that several
compartments of differing pH value exist within the muscle
cell.
Methods
Muscles from the giant barnacle (Balanus nibilus) were
used in this study. The muscles were dissected free from the
animal and placed in barnacle Ringer solution (composition
in mmoles/liter: Na =450, K=8, Ca=20, Mg=l0, Cl=
518, Tris = 25; pH 7.6) [11]. The fibers of an individual muscle
were carefully dissected from each other in such a way that
the single fibers were individually bathed by the Ringer
solution.
Double-barreled micro pH electrodes (tip diameter
<1.0 ji) were constructed as previously described [8, 9].
In most instances, these electrodes were used to make
intracellular pH measurements by radially impaling the
individual muscle fibers at an angle of 30° to 90°. In addi-
tion, a modified CaIdwell electrode was constructed that
had a pH-sensitive glass capillary of from 50 to 80 microns
in diameter and an active length of about five mm. When
this electrode was used for the measurement of pH1, the
fibers were cut transversely and the electrode was placed
longitudinally down the fiber in much the same way de-
scribed by Caidwell for placing electrodes into the muscle
fibers of the crab [4]).
In several experiments pH1 was estimated by either 14C-
DM0 or 3H-nicotine. In these instances an appropriate
amount of the isotopically labeled weak acid or weak base
was added to the Ringer solution and the muscles were
incubated in this solution for a period of two hours at
approximately 25° C. The radioactivity was extracted by
placing weighed fibers into 10% acetic acid and autoclaving
for 30 minutes at 18 PSI. Radioactivity was estimated by
means of scintillation counting in a Packard 2420 liquid
scintillation spectrometer.
In some experiments muscles were removed from Ringer
solution and placed in water equilibrated mineral oil. Single
fibers were then impaled with glass micropipettes and
samples of intracellular fluid collected from the fiber by
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means of suction. The micro samples collected in this way
were analyzed for sodium and potassium concentrations
with the helium glow spectrophotometer (American Instru-
ment Co.), for osmolality with a nanoliter osmometer
(Clifton Technical Physics Co.) and for radioactive DM0.
Results
Intracellular pH measured with double-barreled micro glass
pH electrodes. It was previously reported by Caldwell that
in measuring intracellular pH in crab muscle a micro layer
was observed on the outside surface of the muscle which has
a pH (pH) lower than the bulk phase pH of the bathing
solution [4]. By means of our micro pH electrode we also
found in the barnacle muscle fibers a pH which was signif-
icantly below the bulk phase pH of the bath. In 253 fibers
of barnacle muscle from 49 animals, the mean bath pH was
7.41 SE 0.03, while the mean pH was 7.05 0.02. The
mean Em was found to be —54 SE 0.90 my. Under these
circumstances, the mean pH was 6.12±0,03, It would
appear from these results that pH1 is in electrochemical
equilibrium with pH. For each fiber puncture, an equi-
librium pH1 was calculated by means of the equation:
Em=
where pH7 is the calculated equilibrium pHi. Using the
individual values for Em and pHç for each observation, the
mean calculated equilibrium pH1 for all 253 fibers was
found to be 6.09 0.03. The close agreement between
measured pH1 and the calculated equilibrium pH1 suggest
that H+ is in electrochemical equilibrium across the muscle
cell membrane. Thus these data more closely approximate
our previous rat muscle data [8, 9], and are considerably
different from the results reported by Caidwell for the large
muscle of the crab [4].
Intracellular pH estimated by the modified Caldwell pH
electrode. The modified Caldwell pH electrode was placed
longitudinally down the cut surface of the single fiber of the
barnacle muscle. The cut surface was lifted and held a short
distance above the surface of the bathing Ringer solution.
By this technique pH1 was found to be approximately 7.0
(Table I, Step 1). This result is the same as Caldwell pre-
viously reported for crab muscle. An additional experiment
was undertaken in which a double-barreled micro pH
electrode was placed in the hole made by a previous impale-
ment with a Caidwell type electrode. Under these circum-
stances, it was found that the micro pH electrode gave an
intracellular pH value of approximately 7.0, similar to that
previously found by the Caidwell electrode (Table I ,Step 2).
On the other hand, if the same double-barreled micro
electrode were then used to radially impale the fiber below
the area where the Caldwell electrode had been, an intra-
cellular pH was obtained which was much lower and, in
fact, was in electrochemical equilibrium with the surface
pH of the fiber (Table 1, Step 3). The fact that the double-
Table I. Intracellular pH determined by modified Caldwell
electrodes and double-barreled micro pH electrodes
Technique
Fiber
1 2 3 4
Caldwell electrode pH 6.91 6.91 7.10 7.05
Longitudinal impalement
Double-barreled electrode pH 7.07 7.09 7.04 6.95
Placed longitudinally Em 54 49 51 56
where Caldwell electrode (—my)
had been
Calculated 6.17 6.26 6.22 6.13
equilibrium pH1
Double-barreled electrode pH 6.05 6.13 — 6.20
Radial impalement Em 62 67 — 67
below previous (-my)
electrode injury
Calculated 6.03 5.94 — 5.94
equilibrium pH1
barreled micro pH electrode, when placed in the same area
previously punctured by the Caldwell electrode, reads an
almost identical pH to that obtained by the Caldwell elec-
trode suggests that there is no technical error in pH deter-
mination and that both pH electrodes are indeed accurately
reading the hydrogen ion activity of the fluid that surrounds
their tips.
The major difference between the two electrodes is
principally one of size. The possibility exists, therefore,
that the larger Caldwell electrode, but not the smaller
microelectrode, is disrupting internal structures in the cell.
If these structures or compartments have different hydrogen
ion activities (and buffering capacities), then the disruption
caused by the larger Caldwell type electrode would result
in the integration of the hydrogen ion activities of the
various compartments disrupted.
Estimation of pH1 by means of pH dye indicator. In these
experiments, single barnacle fibers immersed in Ringer
solution were injected by means of micro pipettes with a
water solution of 0.5 % (w/v) brom-thymol blue. lonically
and osmotically simulated intracellular fluid was prepared
at three different pH's (6.0, 6.5, and 7.0) and the dye
indicator was added to each. When single muscle fibers
were injected with brom-thymol blue by means of 100 i
tip pipettes, a blue color was obtained corresponding most
closely to the pH 7.0 solution of simulated intracellular
fluid. However, when intrafiber injections of the indicator
dye solution were made using small tip pipettes (30 t), a
yellow color was seen which most closely resembled the
simulated intracellular fluid that had been set at pH 6.0.
From these results it is concluded that the large tip pipette
disrupts a compartment or compartments of greater than
p1-f 7.0 and that it then mixes with the p1-I 6.0 compartment.
These results, therefore, confirm those obtained by the two
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types of electrodes and indicate that the presence of a large
pipette or electrode changes the pH of intracellular fluid in
an alkaline direction, again suggesting the possibility that
an alkaline compartment is disrupted, discharging its con-
tents.
Measurement of DM0 in samples of fluid aspirated from
barnacle muscle fibers. The value of pH determined from
the distribution of '4C-DM0 between intra- and extra-
cellular phases in barnacle muscles incubated in Ringers
solution containing '4C-DMO was 6.68 SE 0.02. This
higher value of pH indicates that much more DM0 is
taken up by the cells than would be predicted if intracellular
contents had a uniform pH of approximately 6.0.
The different values of pH obtained with the small and
large electrodes suggest a possible explanation for the
higher pH obtained by DM0. If the different results
obtained with the large and small electrodes were due to
disruption of an alkaline compartment, then intracellular
DM0 should be preferentially concentrated in the alkaline
compartment and should be present in much lower concen-
tration in the acidic bulk phase of the cell. To explore this
possibility single fibers of barnacle muscle were punctured
with micropipettes of different size and samples of fluid,
presumably intracellular, were collected by aspiration. Since
the volume of fluid removed from a single fiber was exceed-
ingly small it was necessary to pool samples from several fi-
bers of the same muscle to obtain total volumes of 0.5 to
1.0 nl.
Preliminary experiments were performed to ascertain
whether intracellular fluid could be collected without sig-
nificant contamination with extracellular fluid. These
experiments were performed by incubating the barnacle
muscles in Ringer solution containing '4C-sucrose. Table 2
gives the results of several such experiments. When intra-
cellular fluid was collected from two fibers (S1, S2) while
they were still in Ringer solution containing '4C-sucrose, a
significant number of cpm/nl were found in the collected
samples. However, very low (0 to 6 cpm/nl) counts were
found in 6 other samples collected after the fibers had been
removed from the Ringer solution and covered with oil.
Table 2. Exclusion of '4C-Sucrose
samples
from intracellular fluid
Sample Intracellular Medium
fluid
cpm/nl (Ringer cpm/nI= 106)
S1 48 Ringer
S2 30 Ringer
S3 2 Oil
S4 6 Oil
S1 0
(Ringer cpmlnl= 179)
Oil
S2 3 Oil
S3 2 Oil
S4 2 Oil
Thus, in fibers covered with mineral oil it is possible to
collect samples of intracellular fluid uncontaminated by the
aqueous solution in which the fibers were previously bathed.
In Table 3 the concentrations of sodium and potassium,
as well as the osmolality are given for eight intracellular
samples. It is clear from the values for sodium and potassium
Table 3. Electrolyte composition of collected intracellular fluid
Sample Na
mEq/liter
K
mEqllirer
Osm
m0smlkg
S1 34 113
S1 36 146 948
Si 956
S2 48 152
S1 960
S2 39 146S 47 130
that the collected fluid was essentially different from the
barnacle Ringer solution. Moreover, the concentration of
sodium and potassium is consistent with those concentra-
tions estimated from analysis of whole barnacle muscle [11].
As expected the osmolalities measured on three of the
samples agreed reasonably well with the osmolality of the
Ringer solution in which the fibers were bathed.
It is concluded that this is a satisfactory technique for
obtaining intracellular fluid from individual fibers and
that it may be used to evaluate the possible sequestration
of DM0 in heterogeneous intracellular compartments.
Table 4 gives the values of pH1 calculated from the concen-
tration of 14C-DMO in pooled samples of intracellular fluid
collected with small, medium and large micropipettes. In
samples collected with small pipettes (tip diameters of
2 to 6 x) the concentration of DM0 was very low and the
calculated pH1 ranged from 5.94 to 6.19. These values are
very similar to those obtained with our small pH micro-
electrodes. In contrast, in those samples collected with
large pipettes (tip diameters of 100 to 150 ji) the concen-
tration of DM0 was much higher and the calculated pH
was 6.3 to 6.56. Samples collected with intermediate sized
pipettes (tip diameters of 30 to 50 ji) gave variable results:
Two samples had low counts and calculated pH1 values of
5.78 and 6.15; the remaining three samples had higher
concentrations of DM0 and calculated values of pH1. These
results, therefore, suggest that DM0 is not distributed
uniformly throughout the cell, but is preferentially trapped
in localized areas or compartments.
Comparison of pH1 measured with DM0 and with nico-
tine. If the cell contained compartments of differing pH,
weak acids, such as DM0, should be preferentially trapped
in alkaline compartments and result in an estimated pH
greater than the true mean pH1, whereas weak bases, such
as nicotine, should be preferentially trapped in acidic com-
partments and yield an estimated pH1 more acid than the
344 Carter
900
700
600
500
400
300
200 6.70
— Table 4) when collected with small pipettes than when
collected with large pipettes reveals that an area of alkalinity
(in which DM0 was preferentially trapped) existed in the
cell prior to introduction of the large pipette.
Adler [101 has also obtained evidence for the existence of
heterogeneous intracellular compartments of differing p1-t
in rat skeletal muscle. He found that intracellular pH meas-
ured with DM0 was 7.17, while the value obtained from
the partition of the weak base, nicotine, was 6.69. The
difference betweeu the two values was 0.48 pH units. This
difference is strongly suggestive of heterogeneous intra-
cellular pH since weak bases are preferentially accumulated
in acidic compartments and give a lower value for pH1
than do weak acids which are preferentially accumulated in
alkaline compartments. in the barnacle muscle, on the
other hand, pH1 measured by DM0 and by nicotine were
equal. These results are quite different from those obtained
by Adler [10]. Although these results provide no positive
support for heterogeneity of intracellular pH, they do not
disprove the hypothesis.
Comparison of the pH values obtained with DM0 and
nicotine provide some insight into the number, magnitude
and acidity of the various intracellular compartments. Fig. 1
gives the predicted curves of pH measured with DM0
(dotted lines) and nicotine (solid lines) in a cell consisting
of two separate compartments of differing pH. It is assumed
that one of the compartments is that which is measured by
the microelectrode and has a pH of 6.0 (V1 in Fig. I). Three
sets of curves are constructed assuming that the second
compartment has a pH of 7.0, 7.4 or 8.0 (curves A, B, and C,
respectively, in Fig. I). It is seen that, as the relative volume
true pH1. This principle, therefore, was utilized to explore
further the possibility of compartmentalization of intra-
cellular pH in barnacle muscles, and if possible, to obtain
some estimate of the relative magnitude of the acidic and
basic compartments.
In 13 groups of fibers consisting of 50 to 60 single fibers
per group, the estimated pH1 by means of 14C-DMO was
6.68 SE 0.02. In similar groups of single fibers, some of
which were from the same animal used to estimate DM0
pH1, pH1 was measured by means of 3H-nicotine. In
19 groups of single fibers, the mean pH1 determined by
nicotine was 6.71± SE 0.01. TheA pH between DM0 pH1
and nicotine pH was only —0.03. It is concluded, there-
fore, that in barnacle skeletal muscle, DM0 pH1 and
nicotine pH1 are essentially equal. These results are clearly
different from those obtained by Adler [10] for the rat
diaphragm and do not support the view that barnacle
muscle is compartmentalized with respect to pH1. However,
as will be indicated later in the discussion, it is possible by
adjusting the relative volumes of the different comI.art-
ments having different pH1, to obtain values of overall pH1
with DM0 and nicotine which are approximately the same.
Discussion
The results of the present studies support the view that
H+ ions are not distributed homogeneously throughout the
cytoplasm of muscle cells and that there exist intracellular
compartments which have markedly different pH's. When
the cell is punctured with very small pH-sensitive micro-
electrodes or micropipettes (for injection of pH indicator
dye) the tip is in an acidic compartment (pH approximately
6.0) which appears to be in electrochemical equilibrium
with extracellular fluid. On the other hand, when the cell
is punctured with a much larger electrode or pipette, the
tip is surrounded by a fluid which has a much higher pH
and is not in electrochemical equilibrium with extracellular
fluid.
The fact that the small microelectrode records a more
alkaline pH (approximately 7.0) when placed in the site
of a previous puncture by a large electrode than when
puncturing an uninjured area of the cell indicates that the
large electrode has produced some type of mechanical injury
of the cell cytoplasm. The observation that intracellular
fluid from cells incubated in 14C-DMO contained lower
concentrations of DM0 (and thus a lower calculated pH1
Table 4. Intracellular pt-I as calculated from '4C-DMO concen-
tration in collected intracellular fluid
Assume: pH of compartment V1 =6.0
p11 of compartment V2
pH of compartment V2
1000 pH of compartment V2
Nicotine
DM0
800
I
U
C
Ce
5)
6098
6.155 I
6.222
6.30
6.40
III iiI II
'I
Ii
, III III III II/ II/ IIA,' p
1 I I
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
1.0 0.9 0.8 0.7 0.6 0.5 0.4 0.3 0.2 0.1
Large pipets
100—150 p t/p diam.
Medium pipets
30—50 p tip diam.
Small pipets
2-6 p tip diam.
6.30 6.15 6.04
6.40 5.78 5.97
6.56 6.32
6.56
—
6.51
6.73
6.19
5.94
6.52
7.00
7.30
8.00
1,0 V1' Relative
0 V2volumcs
Fig. I. Measurement o/ intracellular pH st/tI: DM0 andnicotine
in a two compartment model. See text for explanation.
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of Compartment 1(V1) is decreased and the relative volume
of Compartment 2 (V2) in increased, mean cell H4 concen-
tration measured by nicotine decreases in linear fashion
while that measured by DM0 decreases in a curvalinear or
exponential fashion. Only at the two extremes (VI = I,
V2=0 and V1=0, V2=1) do the two methods give the
same value for pH1; in the intermediate ranges the pH1
measured with nicotine is always more acidic than that
measured with DM0. If one plots the values of pH1 ob-
tained by Adler on these curves it is seen that in order to
obtain a nicotine pH of 6.7 the relative volume of the acid
compartment (V1) should be between 0.1 and 0.2, and V2
between 0.9 and 0.8. In order to obtain a DM0 pH1 of
7.15, the pH of V2 would have to be greater than 7.0; a pH
of 7.2 for V2 would yield a curve which would intercept
pH 7.15 at V1 of 0.1 to 0.2 and V2 of 0.9 to 0.8 and thus
would be internally consistent with the nicotine data. This is
not a unique solution, however, since models containing
more than two compartments can be devised which are
equally compatible with the data. A four compartment
model which also satisfies Adler's data is given in the
bottom half of Table 5.
In similar fashion the data for DM0 and nicotine pH1
in the barnacle muscle can also be satisfied by either two
compartment or multicompartment models, if one assumes
that, due to the errors inherent in the methods, the nicotine
pH could have been 0.1 pH units lower than DM0 pHi.
However, in either instance the relative volume of the acidic
compartment (pH= 6.0) can be no more than 2 to 3% of the
total cell volume. An example of a multicompartmental
model is presented in the upper portion of Table 5.
The precise anatomic location of the varior compart-
ments is not known. It is highly likely, however, than the
acidic compartment (p1-I 6.0) measured by the double-
barreled pt-I microelectrode represents the aqueous phase
Table 5. Hypothetical compartmentalization of intracellular pH
Multi-Compartment Systems
Barnacle muscle
I) pH 7.5 Relative Vol=0.5
2) pH 7.0 Relative Vol= 1.0
3) pH 6.76 Relative Vol=20
4) pH 6.0 Relative Vol=0.5
DM0 pH1 =6.81
Nicotine pH1 =6.81
A pH =0.08
Rat muscle
I) pH 8.0 Relative Vol=2
2) pH 7.0 Relative Vol= I
3) pH 6.8 Relative Vol=20
4) pH 6.0 Relative Vol= I
DM0 pH, =7.15
Nicotine pH, = 6.75
A pH =0.40
of the cell cytoplasm. It is very surprising, therefore, that
the DM0 and nicotine data predict that this acid compart-
ment comprises only 1 to 3% of the total cell volume. The
collection of intracellular fluid, however, would support
this view. A cell the size of barnacle muscles (one mm
diameter) should contain approximately 250 nl of fluid per
mm of length, yet it was never possible to collect more than
about a nI from a single fiber, suggesting that the aqueous
phase was only a small percentage of the total volume.
There are a number of possibilities for the other more
alkaline compartments. It is known for example that under
certain circumstances the pH inside mitochondria may be
very high [2]. It is conceivable that a calcium sequestrian
organ such as the sarcoplasmic reticulum likewise may have
a relatively high pH. In addition, nuclei of the cell may
have a pH similar to extracellular pH or perhaps even
higher and finally perhaps as yet unfound compartments
really represent divergent p1-I's within the cell. Considerably
more work will be necessary to delineate these various
compartments and to ascertain the buffering capacity of
each.
It is likely that each of these compartments subserves a
different rate in the biology of hydrogen ions. The acidic
aqueous phase of the cytoplasm which is measured by the
microelectrodes is in electrochemical equilibrium with extra-
cellular fluid. In previous studies we have found that when
the transmembrane potential difference is changed there is a
rapid shift in the pH of this compartment to a new equi-
librium value. This observation suggests two possible
biologic roles for this compartment. First, it may be the
primary compartment involved in the movement of H+ ions
into and out of the cell, and thus be of great importance in
discharging acidic metabolic products from the cell and in
intracellular buffering of acid or alkali loads added to
extracellular fluid. Second, it has been suggested by Ste-
phens [12] that alterations in membrane potential might
induce pH changes in a small localized compartment which
in turn induce changes in calcium binding. In this fashion
this compartment could participate as an important link
in the coupling between depolarization and the initiation
of action potentials or excitation and mechanical con-
traction.
The pH of the various other compartments may play an
important role in the control of metabolic processes and
oxidative phosphorylation. For example, the splitting of
water and the accumulation of alkali inside the mitochon-
dna (or chloroplast) appears to play a key role in oxidative
phosphorylation as suggested in the chemi-osmotic theory
of Mitchille [13]. In addition, important enzymatic path-
ways involving glycolysis, gluconeogenosis, citrate oxida-
tion, glutamine deamidation, etc. are critically regulated by
changes in pH, and have pH optima far above the value of
6.0 of the acidic aqueous phase. It would appear critical
therefore that the enzymes involved in these reactions would
be located in areas of the cell having higher values of pH,
yet at the same time, which were responsive to changes in
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the pH of the extracellular fluid and the acidic aqueous
phase of the cell.
The buffering of acid or alkali loads added to extra-
cellular fluid probably involves complex interaction and
exchanges between all of the various compartments. From
the studies of Swan and Pitts [14] and Schwartz, Jenson,
and Relman [15] it appears that approximately 50% of an
administered acid load is displaced by reaction with buffers
other than those in extracellular fluid and red cells. More-
over this process requires several hours for completion,
indicating that the entry of acid into the cells is a very slow
process. In contrast, we have found that the administration
of either acid or alkali results in very rapid (within minutes)
changes in the pH of the aqueous cytoplasmic phase,
implying that the movement of acid into and out of cells is
very rapid. These two sets of observations, however, are
not incompatible. The movement of acid across the cell
membrane into the aqueous cytoplasm may indeed be very
fast, but since this compartment comprises such a small
fraction of the total cell volume (and presumably buffer
capacity) it probably contributes very little to the actual
buffering of the acid load. On the other hand, the transfer
of acid out of this aqueous compartment into other com-
partments of the cell, having the great bulk of cellular
buffers, may occur at a much slower rate. Finally, Siesjö
and Messeter [16] have recently shown that alteration in
the rate of production of organic acids contributes signif-
icantly to the buffering of acid or alkali loads. This change
in the rate of metabolism is probably dependent on the
change in pH of one or more of the relatively alkaline
compartments and is therefore much slower than the rate
at which the pH of the aqueous phase changes.
The data presented here and elsewhere lend increasing
support for the thesis that hydrogen ions are not uniformly
distributed throughout the cell and that various compart-
ments within the cell have widely divergent pH's. The exact
anatomic location of the compartments, the forces governing
the movement of H+ between them, and their biologic role,
however, is not clear at the present time.
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